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INTRODUCTION

Recent experimental work by Barranco et al. (ref 1) and Cote et al. (ref 2)
demonstrated that an interrupted isothermal, hot liquid salt quench and temper of a 4335 low
alloy steel (ASTM A723) with high nickel (=3%) and medium carbon (=0.35%) will result in
mechanical properties (ductility-low temperature toughness) at equivalent strength levels that
are better than obtained from a continuous water quench to room temperature and temper.
The basic conclusion is that the excellent properties result from a mixed microstructure of
lower bainite (formed at a temperature below the start of martensitic formation, M,
temperature) and martensite. This microstructure will be created by cooling rapidly enough to
miss the austenite-to-bainite transformation on the continuous cooling diagram (named bainite
knee) to somewhat below the M, temperature, holding at this temperature long enough for the
transformation of austenite to a mixture of lower bainite and martensite. If the bainite knee is
not missed, austenite will transform to upper bainite, which is a microstructure that results in
low or poor toughness especially at cold temperature, i.e., the transition temperature is usually
between -40°F and room temperature.

The mechanical properties are not only excellent, but the quench cycle is quite slow
("gentle") as compared to a rapid ("violent") water or oil quench. The water or oil quench
creates the conventionally desired microstructure of martensite, however, the large thermal
gradient created between the surface and the interior can result in distortion, cracking at stress
concentrations either created by geometrical configuration or material defects, and undesirable
residual stress. Also, the residual stress is typically tension on the surface that results in
distortion and dimensional change during machining, plus the potential for premature crack
initiation from fatigue loading. Furthermore, dimensional growth occurs from the volumetric
increase that accompanies the formation of martensite.

There are many components manufactured from low alloy steels such as AISI 4140 or
4340 that are conventionally heat treated (austenitize, oil quench to oil temperature, temper)
to high hardness levels (Rc 40/45 or Rc 45/50). Because the post-heat treatment hardness
level is too high for machining with conventional tools (high speed steel or carbide) and
dimensional-distortion change will occur during the conventional heat treatment, the usual
manufacturing procedure is to acquire the material in the annealed or normalized condition,
rough machine to create configuration features with a minimum yet adequate amount of
material remaining, heat treat, and then finish machine with grinding tools. This procedure is
accepted but expensive because of the extra setups (setup and/or fixturing for both rough and
finish machining), the cost of grinding tools, and the additional time for small amounts of
material removal during finish-machining operations. The isothermal salt quench procedure
has the potential for eliminating machining after the heat treatment, since the distortion and
dimensional change would be minimal. The manufacturing procedure would be to purchase
annealed material, rough and finish machine to the final dimensions, then heat treat via the
isothermal salt quench procedure. The desired hardnesses can be created without tempering




after the isothermal salt quench; however, this direct, step-saving procedure will only be
applicable to heat treating components if the other properties (percent reduction in area,
Charpy v-notch impact strength, yield strength) are acceptable.

APPROACH

The substitution of the isothermal salt quench for the conventional liquid quench-
temper heat treatment would be based on mechanical property equivalence, and improvement
in dimensional control/distortion. The approach to determine properties from both procedures
was to heat treat rectangular bars of AISI 4140 and 4340 by both procedures and compare
properties via testing tensile and Charpy v-notch specimens. The rectangular bars were
removed from 1-1/2 inch thick plates with the longitudinal axis of the tensile specimen
parallel to the rolling direction and the fracture plane of the Charpy specimen perpendicular to
the rolling direction. See Figure 1. Orientation was selected to avoid erroneous results
associated with the influence of stringers (oxides and/or sulphides) that are parallel to the
rolling direction. .

Since the hardness levels being evaluated are high (Rc 40/45 and Rc 45/50), the
approach for the salt quench procedure was to control the salt temperature such that the
hardness would be obtained in the "as-quenched” condition, i.e., tempering after quench was
not employed. The quench temperature to obtain the Rc 40/45 hardness would be higher than
required for the Rc 45/50 level because the higher hardness is obtained by more martensite,
which is created by having the salt temperature closer to the M; temperature. Avoiding the
bainite knee, which would result in undesirable upper bainite, is controlled by both
composition and salt temperature, hence the AISI 4140 material at the Rc 40/45 level would
be the most likely combination for developing the unwanted upper bainite composition.

The specific temperature and times at temperature used for both heat-treating
procedures for the two common alloys to develop the two hardness levels are shown in Table
1.

The approach to determine the potential improvement in dimensional change/distortion
from both heat-treating procedures was to manufacture specimens from the 1-1/2 inch thick
plates with configurations and features that could easily distort and/or crack. The
configurations used for the AISI 4140 and 4340 alloys are shown in Figures 2A and 2B,
respectively. Since a hot salt quench medium is less severe than a room temperature 0il
quench medium, the amount of distortion and potential for creating cracks is expected to be
reduced. Also, since the transformation of austenite-to-bainite (lower and upper) results in
less volumetric increase than transformation to martensite, the salt quench method should
result in less dimensional change than the oil quench. However, since tempering of
martensite results in contraction, the oil quench plus temper procedure may not produce more
dimensional change than the salt quench with no temper procedure.



RESULTS

Mechanical Properties

The mechanical property results of 0.1 percent and 0.2 percent yield strength (YS),
tensile strength (TS), YS/TS ratios, reduction in area, elongation, and Charpy v-notch impact
strength (room temperature and -40°F) are listed in Table 2. Plots of yield strength (0.2
percent offset) and Charpy v-notch impact strength at -40°F versus hardness levels are shown
in Figures 3 and 4 for both heat-treating procedures for AISI 4140 and 4340, respectively.

Plots of the Charpy v-notch impact strength at -40°F and room temperature for both hardness
- levels/heat-treatment procedures of 4140 and 4340 are shown in Figures 5 and 6, respectively.

Analysis of the strength and yield/tensile strength ratios reveals that the oil quench
procedure produces high YS/TS ratios, whereas the salt quench procedure produces low-to-
medium YS/TS ratios with the exception of the 4340 Rc 40/45 hardness level. It has been
established (ref 1) that the 0.1 percent YS/TS ratio decreases as the tensile strength increases
and as the amount of bainite increases. Table 3 summarizes results of the 0.1 percent YS/TS
analysis, which involved heat treating ASTM A723 steel (approximately 4335V mod steel).

The oil quench procedure resulted in the martensitic microstructure for both alloys, as
shown in Figures 7 through 10, hence the high YS/TS ratios. The salt quench procedure
resulted in the mixed microstructure of bainite and martensite for both alloys, as shown in
Figures 11 through 14, hence the low-to-medium YS/TS ratios. The reason why the salt
quench of the 4340 at the Rc 40/45 hardness level resulted in high YS/TS ratios is that the
tensile strength was not high (=180 Ksi). It is noted that the salt quench of 4140 and 4340 at
the Rc 45/50 hardness level (salt temperature of 450°F), which has the smallest amount of
bainite, resulted in a significant amount of strain hardening (large difference between 0.1
percent and 0.2 percent yield strength values). The reason for this condition is unknown.

Analysis of the Charpy v-notch impact strength value reveals that the oil quench
procedure produced expected levels of toughness for the associated strength levels for both
alloys. The toughness values and the difference between upper (room temperature) and lower
shelf (-40°F) values decreased as the strength increased. The salt quench procedure for the
4140 alloy produced lower toughness values for both hardness levels than the oil quench
procedure (see Table 2 and Figure 3). The oil quenched 4140, Rc 45/50 level, had
approximately the same toughness as the salt quenched 4140, Rc 45/50; however, the strength
levels of the oil quenched material were significantly higher than the salt quenched material,
which of course, reduces the associated toughness. The reason for the inferior toughness of
the salt quenched 4140 is that the microstructure, as seen in Figures 11 and 12, contains
upper bainite. The salt quench was not rapid enough to miss the bainite knee due to the
relative low hardenability of this alloy. The salt quench procedure for the 4340 alloy,
however, produced essentially the same toughness values at both hardness levels as the oil




quench procedure (see Table 2 and Figure 4). Although the salt quenched 4340 at the Rc
45/50 level had higher toughness than the oil quenched 4340, the yield strength level of the
oil quenched material was higher than the salt quenched material. Hence if the strength were
at the same level, it is postulated that the toughness would have been at the same level. The
reason for the excellent toughness of the salt quenched 4340 is that the microstructure, as
seen in Figures 13 and 14, is a mixture of martensite and low temperature bainite with very
minor amounts of upper bainite. The toughness of the salt quenched 4340 material was
expected to be higher than the oil quenched 4340 as shown in Reference 1, yet it is
speculated that since there was a minor amount of upper bainite, the measured toughness
levels were only equal to those obtained by the conventional oil quench procedure.

Dimensional-Distortion Change

Analyses of the dimensional changes and distortion are based on heat treating via the
oil quench-temper and isothermal salt quench procedures with results shown in Table 4. The
specimen used for the AISI 4140 material (Figure 2A) had a relatively complicated
configuration with a v-notch, a hole, and a keyway. The purpose was to create stress
concentrations to generate cracking, especially with the faster oil quench cooling rate. Since
cracking after heat treatment was not evident via magnetic particle and visual inspection, the
specimen design used for the AISI 4340 material (Figure 2B) was simplified. The starting
materials (0.75-inch thick) for both specimens were annealed (1600°F, furnace cooled) prior
to machining for the purpose of starting with material without any residual stress. Residual
stress could create movement during the heat treating that would "mask” the movement
attributed solely to the heat-treating procedures. The dimensions and flatness before and after
the heat treatments are listed in Table 4, as well as the net change for each feature or
characteristic. The results reveal that the dimensional changes for both alloys and for both
heat-treating procedures are small and are essentially identical. The change in flatness
(distortional change), however, was large with the oil quench-temper for both specimens,
whereas it was very small for the isothermal salt quench for both specimens. Since the
dimensional change and distortion from the isothermal salt quench are very small but not
insignificant, the potential certainly exists for eliminating machining after heat treatment.
Each component design would be evaluated by analyzing the tolerances specified. If
tolerancing were small (estimated to be less than + 0.002 for a ten-inch or less dimension), a
small trial and error pilot run prior to production, would be prudent. Since the distortion
from the oil quench (approximately 0.004 and 0.010), the manufacturing of a component heat
treated by the conventional procedure typically requires finish machining after heat treatment.

CONCLUSIONS

1. The YS/TS ratio was higher (0.87 and higher) as expected, for the oil quench-
temper than for the isothermal salt quench of both alloys, except for the AISI 4340, Rc 40/45
condition. The reason for this exception is presumed to be because the tensile strength level
was not high.



2. Heat treating to a specific hardness range via both procedures results in lower
yield strength but higher tensile strength values for the isothermal salt quench procedure than
for the oil quench-temper procedure.

3. The toughness from an isothermal salt quench of AISI 4140 will be less than
what is obtained from a conventional oil quench-temper, assuming equivalent yield strength
levels. The reason is presumed to be that the relatively low hardenability resulted in a
microstructure containing upper bainite which lowers toughness.

4. The toughness from an isothermal salt quench of AISI 4340 will be equivalent
or higher than what is obtained from an oil quench-temper procedure. The reason is
presumed to be that this alloy has sufficient hardenability to allow the cooling rate of a salt
quench to miss the bainite knee thereby resulting in the desired microstructure of lower
bainite-martensite.

5. The dimensional change from both heat treating procedures is small but not
insignificant.
6. The distortion from the isothermal salt quench procedure is very small,

however, it is relatively large for the oil quench-temper procedure applied to both alloys.

7. The isothermal salt quench procedure of AISI 4340 can be substituted for the
oil quench-temper procedure and should eliminate finish machining and the associated costs
after the heat treatment.
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Table 3. 0.1 Percent YS/TS Ratio Versus Tensile Strength
(ASTM A723 Steel (ref 1))

- —

Tensile Strength

0.1 Percent YS/TS Ratio

(Ksi)
100 Percent 25 Percent 66 Percent 100 Percent
Martensite Bainite Bainite Bainite
180 0.96 0.95 0.93 0.78
200 0.95 091 0.76 0.58
220 0.92 0.82 0.54 -
240 0.78 - - -
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F1G. 1
SPECIMENS— FOR HEAT TREATMENT & MECHANICAL PROPERTY TESTS.

TENSILE SPECIMEN

A.) HEAT TREATMENT SPECIMEN

1 rolling

1.50 |= " - -
l direction

3.50 ————= —* —-—.75

B.) TENSILE SPECIMEN

—9.350
+.007
1.400 =-GAGE

+.005 " | ENGTH

CHARPY SPECIMEN

A\.) HEAT TREATMENT SPECIMEN

!

1.50 rolling
l direction

-——2.50 ———= .50

B.) CHARPY V—NOTCH SPECIMEN

e 2.165 —
315
i —.100 7007
394—’ 5/ 1.083 fo— - __1394
+.001 45 |=+050 001
x1°

-« Rolling Direction of 1.50 inch thick plates (AISI 4140 & 4340).
12
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FIG 3

YS & Cv(-40°F) vs Rc
AISI 4140
Oil vs Isothermal Salt Quench
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Yield Strength (.2% Offset) Ksi

YS & CV(-40°F) vs Re

FIG 4

AISI 4340

Oil vs Isothermal Salt Quench
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Charpy V-Notch Impact Strength (Ft-Lbs)

FIG $

Cv vs Test Temperature
AISI 4140
Oil vs Isothermal Salt Quench
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Charpy V-Notch Impact Strength (Ft-Lbs)

FIG 6

Cv vs Test Temperature
AISI 4340
Oil vs Isothermal Salt Quench
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Figure 9. Martensitic microstructure for AISI 4340,
oil quenched, Rc 40/45, at 500X

Figure 10. Martensitic microstructure for AISI 4340,
oil quenched, Rc 45/50, at 500X
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Figure 11. Upper-lower bainite and martensitic microstructure
for AISI 4140, salt quenched, Rc 40/45, at S00X

Figure 12. Upper-lower bainite and martensitic microstructure
for AISI 4140, salt quenched, Rc 45/50, at S00X
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Figure 13. Lower bainite and martensitic microstructure for
AISI 4340, salt quenched, Rc 40/45, at 500X

Figure 14. Lower bainite and martensitic microstructure for
AISI 4340, salt quenched, Rc 45/50, at 500X
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